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Abstract This paper presents a meso-level simulation of gas hydrate dissociation
in low-permeability marine sediments. Interstitial pores are deﬁned to describe
ﬂuid ﬂow and particle movement. The proposed model couples multiphase ﬂuid
ﬂow with particle movement to simulate the thermodynamics of gas hydrate dis-
sociation triggered by sharp temperature rises. Hydrates respond quickly to tem-
perature rise in low-permeability sediments. Dissociation causes pore pressure
to rise rapidly to equilibrium then steadily increase above equilibrium pressure.
Lower permeability sediment builds up greater excess pore pressure as the dissi-
pation of pore pressure is constrained.
c© 2014 The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1406202]
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Gas hydrates are solid, ice-like crystalline materials consisting of gas molecules, especially
methane, trapped in a water lattice.1–3 They exist in a natural form at low temperature and high
pressure in permafrost regions onshore and in ocean basins offshore. However, the gas hydrates
dissociate and produce gas and water when the ambient temperature rises or pressure decreases.4
Since gas hydrate dissociation generates excess pore pressure that considerably decreases the
strength of the soil,5 the kinetics of gas hydrate formation and dissociation is of a particular con-
cern to the petroleum industry for an evaluation of environmental hazards in deep offshore areas.
For instance, many researchers have related submarine landslides to gas hydrate dissociation.6–11
Of particular interest to the problem of hydrate kinetics is the three-phase thermodynamic
equilibrium of these compounds. Prediction of the fate and migration of gas hydrates in complex
soil systems requires the inﬂuence of temperature, pressure, pore water chemistry, pore space or
volume change, permeability of soils, and solubilities of ﬂuids to all be considered. Much work
has been done on the simulation of kinetics on hydrate formation and dissociation at the grain or
pore scale and the macro scale with powerful numerical tools, including discrete element methods
(DEM), ﬁnite element methods (FEM), and ﬁnite difference methods (FDM).5,12–17
This paper presents a theoretical study of the thermodynamic equilibrium of a gas hydrate in
low permeability marine sediments. The kinetics of gas hydrate dissociation at the meso-scale is
described in terms of particle movement, pore volume change, pressure change, and temperature
change. A two-dimensional mathematical model for hydrate dissociation was derived with Par-
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ticle Flow Code (PFC), considering two-phase gas and liquid ﬂow, and interactions between the
ﬂuid and the sediment particle.
Theoretical model There is no model in PFC to describe the pores between particles and
the ﬂuid ﬂow in pores. Therefore, in the present study, a pore is deﬁned to be the space between
contact particles, or the space between particles and its contact side walls. The sediment is consid-
ered to be composed of solid particles and pores. The pores are ﬁlled with liquid and gas bubbles
resulting from hydrate dissociation.
The particles are assumed to be rigid circular disks with ﬂexible point contacts. For the two-
dimensional PFC,18 the contact is deﬁned as the tube channel shown in Fig. 1, linking two pores on
either side of the contact and facilitating ﬂuid ﬂow between pores. The length of the tube channel,
i.e., L in Fig. 2, equals to the distance between the centers of the two pores. The radius of the
tube channel, rth, is inversely proportional to the contact force, i.e., the greater the contact force,
the smaller the tube channel. It has the form as rth = rth0F0/(F0+Fn), where F0 is a parameter
deﬁning the size of the tube channel, Fn is the contact force between particles, and rth0 is the initial
radius when the contact force equals zero. The value of rth0 is equal to one-half of the radius of
the smaller particle between of the two in contact,16 having rth0 = 0.5min(r1,r2), where r1, r2 are
the radii of the particles in contact.
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Fig. 1. Tube channel at a contact between particles.
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Fig. 2. Length of tube channel between two adja-
cent pores.
Interactions between particles result in merging or splitting of pores. These are characterized
by the contact force between particles and the consequent induced particle movement. Figure 3
shows two pores formed by four contact particles. When the contact force between particles A
and C decreases to zero, two pores on either side of the contact merge to one. Vice versa, one
pore splits into two when the contact force between particles A and C is greater than zero.
B
A C
D
B
A C
D
Fn_AC = 0
Fn_AC > 0
(a) (b)
Fig. 3. (a) Split of a pore and (b) merging of pores.
Particle A
Fluid in pore
Pressure
Fig. 4. Pore pressure on particle imposed by ﬂuid
in the pore.
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The ﬂuid in the sediment, that is, gas and water, shown in Fig. 4 is characterized by the pore
pressure exerted on the surface of the particle. The force on the particle imposed by the ﬂuid in
the pore thus can be determined.
For simpliﬁcation, the isolated gas bubble is assumed to be in the center of the pore and is
surrounded by water. The gas pressure, pg, equals the water pressure pw, as shown in Fig. 5
(pg = pw). When ﬂuid ﬂows, it is assumed that water comes ﬁrst out of a pore. Only when there
is no water in the pore, can gas ﬂow. The surface tension existing at gas-water interface is to be
overcome to facilitate the gas ﬂow out of the pore as plg − plw  2Tt cosθ/rth, where p1g is the
gas pressure when the pore is full of gas, p1w is the water pressure, Tt is the surface tension on the
gas-water interface, and θ is the wetting angle (Fig. 6).
Gas
pg
Water
pw
Fig. 5. Gas in a pore.
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Fig. 6. Gas-water interface and wetting angle.
In meso-scale, the ﬂow through pores is governed by Poiseuille’s law. The discharge can be
calculated in terms of laminar ﬂow in tubes as19 q1−2 = πr4thΔp/(8μL) = πr
4
th(p1− p2) /(8μL),
where μ is the coefﬁcient of dynamic viscosity of ﬂuid, p1 and p2 are pressures in the two pores,
and L is the length of the tube channel, as shown in Fig. 2. The ﬂuid ﬂow greatly depends on the
properties of the ﬂuid and the sediment matrix.
In order to facilitate the understanding of hydrate kinetics at a macro-scale, the coefﬁcient of
permeability is provided with Darcy’s law. It can be determined through permeability test. In this
study, a numerical simulation is carried out instead to obtain the coefﬁcient of permeability.
The chemical formula of the hydrate is CH4·5.75H2O. The dissociation of the hydrate can
therefore be expressed as: CH4· 5.75H2O → CH4 ↑ + 5.75H2O.
The gas hydrate dissociates only when the temperature is higher or the pressure is lower
than the equilibrium values. The gas resulting from dissociation exists around the gas hydrate as
illustrated in Fig. 7. Figure 8 shows the pressure–temperature equilibrium line that deﬁnes the
state of the hydrate in the sediment. The gas hydrate is solid when the pressure–temperature data
point is above the equilibrium line, and is dissociated when the data point falls below the line.
The pressure on the line at the corresponding temperature is the equilibrium pressure.
The dissociation rate of the hydrate associated with change of pressure and/or temperature can
be calculated from
dnh/dt =−KhAh( feq− f ), (1)
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Fig. 7. Hydrate, gas, and water in a pore.
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Fig. 8. Pressure–temperature equilibrium of hy-
drate with salinity of 3.5%.
where dnh/dt is the dissociation rate of hydrate, Ah is the surface area of the solid hydrate particle,
feq is the equilibrium fugacity and quantiﬁed by the equilibrium pressure for gas hydrate at certain
temperature, f is and the current fugacity and quantiﬁed by the ambient pressure, and Kh is a
function of Kelvin temperature (T )20 as Kh =−exp(25.54−9400/T ).
Assuming the hydrate to be a sphere, its surface area is calculated from
Ah = 4πr2 = 4π{[3/(4π)](nhMh/ρh)}2/3, (2)
where nh is the number of molecular of hydrate in the pore, Mh = 0.1195 kg/mol is the molecular
weight of the hydrate, and ρh = 920 kg/m3 is the density of the hydrate. Substituting Eq. (2) in
Eq. (1), it becomes dnh/dt = −KhAhΔp, where Δp is the difference between ambient pressure
and equilibrium pressure.
Complex interactions between the ﬂuid and the sediment particle are incorporated. High ex-
cess pore pressure will build up during methane hydrate dissociation in low permeability sediment
where pores are not well connected. The pore pressure imposed on particles by ﬂuid will stim-
ulate particle movement, which directly alters the pore volume and may result in the merging or
splitting of pores. This in turn may change the pressure of the ﬂuid and eventually inﬂuence the
movement of particles. The ideal gas state equation used to estimate the pore pressure is
pgVg = ngRT, (3)
where pg is the pressure of methane, Vg is the volume of methane gas, ng is number of molecular
of the methane hydrate in the pore, and R is a constant. Neglecting the compression of water, the
total gas volume change is
dVg = dVdiss+ dVﬂow+ dVmotion, (4)
where dVg is the total volume change of gas, dVdiss is the gas volume change from hydrate disso-
ciation, dVﬂow is the gas volume change due to ﬂuid ﬂow, and dVmotion is the gas volume change
due to particle movement. Combining Eq. (4) with Eq.(3) gives (pg+ dpg)(Vg+ dVdiss+ dVﬂow+
dVmotion) = (ng+ dng diss+ dng ﬂow)RT , where dpg is the pressure change of methane gas, dng diss
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is the change of gas molecular from hydrate dissociation, and dng ﬂow is the change of gas molec-
ular due to ﬂuid ﬂow.
The proposed model is written in FISH language and executed by PFC2D software, using the
time-domain analysis method. It was veriﬁed by the authors through one-dimensional steady and
unsteady seepage simulation with no gas hydrate
Gas hydrate dissociation in low-permeability sediments Consider the uniform sediment
sample illustrated in Fig. 9. Particles are shown in orange; pores are shown in gray. The volume
saturation of gas hydrate in the pore space is 15%. The size of sample is 25 mm × 25 mm. The
permeability coefﬁcient of the sediment is 2.86×10−10 m/s.21 The radius of the particles ranges
between 0.44 mm and 0.66 mm, initial pore ratio is e= 0.15, initial number of pores is 694, and
number of particles is 554. The parameters used in the model are listed in Table 1. The bottom
and both sides of the sample are impermeable and unmovable. The top of the sample is set to the
drained condition and constant pore pressure is applied. The sample has been consolidated under
a conﬁned pressure of 1 MPa.
Table 1. Parameters used in simulation.
Parameter
Normal Tangential Friction
Density/(kg·m−3) Permeabilitystiffness/(N·m−1) stiffness/(N·m−1) coefﬁcient coefﬁcient/(m·s−1)
Contact between particles 1.0×108 1.0×108 0.25 2.65×103 2.86×10−10
The pores were assumed to be initially ﬁlled with water, with no free gas. The bulk modulus of
water is high, i.e, 2.2 GPa, and the time step needed to be small to ensure computational stability.
In this study, the time step was 1×10−8 s to 1×10−7 s. The calculation was time-consuming.
The temperature was assumed to rise abruptly from 2◦C to 5◦C to trigger hydrate dissociation
in the sample. The ambient pressure was set at 3.6 MPa. The hydrate kinetics was simulated, for
which the pore pressure, hydrate content, pore number, radius of the pore channel, and gas and
water contents were calculated.
Figure 10 shows the relationship between pore pressure and percentage of hydrate dissocia-
tion. The induced sharp rise, ﬂuctuating state, and steady state of the pore pressure are shown as
A, B, and C in Fig. 10.
Figure 10 shows that between 0 s to 0.005 s, the pore pressure rose rapidly from the ambient
pressure of 3.6 MPa to 4.84 MP which is the equilibrium pressure at the temperature of 283.15 K.
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Fig. 9. Model sample to simulate dis-
sociation.
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Fig. 10. Pore pressure during hydrate dissociation.
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The hydrate dissociation was simulated to rapidly reach 5%, indicating that the hydrate immedi-
ately responds to the rise in temperature, dissociating and increasing the pore pressure.
When the pore pressure ﬂuctuates up to 5.13 MPa between 0.005 s and 0.018 s, hydrate
dissociation continues to rise to 9.5%. Although the pore pressure exceeds the equilibrium value,
the dissociation is not constrained. This may be attributed to the oscillating motion of particles
stimulated by the excess pore pressure (Fig. 11). Movement of the particles causes the pressure
in some pores to fall below the equilibrium value, which then enables dissociation. This kind of
disturbance by particle movement is gradually suppressed, leading to stabilized pore pressures.
The dissociation is then suspended and a new pressure–temperature equilibrium is reached. By
the end of the computation, about 10 percent of the hydrate was predicted to have dissociated.
The permeability is to a great extent related to the properties of the sediment and the contents
of the gas hydrate. These effects were examined by a parametric study with different coefﬁ-
cients of permeability of the sediment. The calculation condition was identical to the previous
simulation. Figure 12 shows the calculated maximum pore pressure in samples with different per-
meability coefﬁcients. It indicates that greater excess pore pressures were exhibited in sediments
with lower permeability, where the pores were more conﬁned. Higher permeability, where pores
are better connected, facilitates pore pressure dissipation.
Moving
particle
Pore BPore A
Fig. 11. Particle movement and pore pressure
change.
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Fig. 13. Excess pore pressures with different tem-
perature variation.
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Fig. 14. Hydrate dissociation at different tempera-
ture rise.
Different temperature increments ΔT = 1 K, 2 K, and 3 K from the initial value were applied
on the same sample to study its effect on hydrate dissociation. Figure 13 compares the calculated
average pore pressure in the sample due to hydrate dissociation. The pore pressure induced by
dissociation rose quickly, exceeding the equilibrium pressure in all cases. The response was
more signiﬁcant with greater temperature increments, and the total percentage dissociation also
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increased with greater temperature increments, i.e., 10%, 4%, and 1.8% for ΔT = 3 K, 2 K, and
1 K (as shown in Fig. 14).
Conclusions This paper describes interactions between gas, water, and hydrate by deﬁning
the pores and the ﬂuid ﬂow in the pores using the discrete element model with PFC code. The
model coupled hydrate dissociation, multiphase ﬂuid ﬂow and particle movement. The following
conclusions were drawn.
In low permeability sediment, hydrate responds quickly to rise in temperature. The pore pres-
sure induced by dissociation rose rapidly to the equilibrium pressure, then steadily increased to a
value greater than the equilibrium pressure. This phase was associated with particle movement.
Greater excess pore pressure occurred in lower permeability sediment, as the pores were more
conﬁned and pore pressure dissipation was restricted. Temperature rise played a very important
role in hydrate dissociation and excess pore pressure increase
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